Introduction
============

MicroRNAs (miRNAs) are a class of small RNA molecules that mediate post-transcriptional regulation of gene expression by pairing with complementary sites on mRNA transcripts (reviewed by Carthew and Sontheimer, [@B3]). The typical size of mature miRNA sequences ranges from 20 to 23 nucleotides, produced from precursor miRNAs (pre-miRNAs) containing characteristic hairpin structures. For the past 8 years, the public miRNA database (miRBase) has been dedicated to collecting and annotating miRNAs for all biological species (Griffiths-Jones, [@B9]; Griffiths-Jones et al., [@B10], [@B11]). During the past 2 years, the total number of registered miRNAs in miRBase has increased from 6,306 in release 11.0 to 14,197 in the current release 15.0 (<http://www.mirbase.org>). This dramatic expansion of newly discovered miRNAs is largely a benefit of the adoption of next-generation high-throughput sequencing technology. Hence, there are currently three main sources of miRNA collection: experimentally cloned miRNAs with functional validation collected from the published literature; homologous miRNAs identified from sequence alignment but lacking experimental verification; and miRNAs directly captured by small RNA sequencing (smRNA-seq) platforms. In fact, the majority of miRNA entries recently added to miRBase have been identified by the latter two methods, which principally rely on computational predictions of stem-loop structures for candidate miRNA loci screened from sequence alignments or smRNA-seq results (Hofacker et al., [@B13]). A fundamental concern raised by miRBase users is the reliability of computationally predicted miRNAs, especially the accuracy of their mature sequences. For example, sequence alignment-based prediction is unable to determine precisely the mature sequences because subtle differences in one or two nucleotides usually exist between miRNA homologs. For example, the mature sequence of let-7, a highly conserved miRNA in animal species, is one nucleotide longer in *Caenorhabditis elegans* than in *Drosophila melanogaster* (**Figure S1** in Supplementary Material).

Discrepancies between predicted and actual miRNA sequences were frequently found among miRNA families containing multiple members, whose mature sequences may be either identical (denoted by a numbered suffix) or slightly different (denoted by a lettered suffix). For instance, according to the miRBase annotation *D. melanogaster* mir-2a-1 and mir-2a-2 have identical mature sequences derived from the exact same 27 consecutive nucleotides of the miRNA arm from each pre-miRNA sequence. However, the actual mir-2a-1 and mir-2a-2 mature sequences obtained from smRNA-seq results were found to be different (reviewed by Liu et al., [@B23]). Another critical issue is to define the miRNA arm (guide strand) and miRNA\* arm (passenger strand) when a stem-loop structure for a candidate pre-miRNA is predicted (Ahmed et al., [@B1]). In special cases, both miRNA and miRNA\* strands are functional (denoted with -5p and -3p based on their locations in the pre-miRNA), such as mir-iab-4-5p and mir-iab-4-3p in *D. melanogaster*. In fact, a potential function of non-degraded miRNA\* has recently garnered attention because significantly enriched miRNA\* strands for certain miRNAs were found in association with Ago2 in *D. melanogaster* (Okamura et al., [@B26]).

Small RNA sequencing data also present a realistic picture of how mature miRNAs are processed from a single pre-miRNA hairpin, in which a heterogeneous combination of miRNA isoforms or variants are produced in addition to the accurate miRNA and miRNA\* sequences (Langenberger et al., [@B20]). These include the three types of observed reads: (1) reads derived from the loop region of pre-miRNA hairpins; (2) isoform variants of the accurate miRNA and miRNA\* with positional variations at 5′ and 3′ ends; and (3) miRNA reads containing non-templated nucleotides at their 3′ ends (Seitz et al., [@B29]; Langenberger et al., [@B20]; Ibrahim et al., [@B14]). The variety of heterogeneous miRNA isoforms collectively reflects the complexity of the miRNA biogenesis and metabolism pathways.

The use of high-throughput sequencing provides a way not only to promptly interrogate miRNA expression and discover new miRNAs, but also to inspect miRNA processing patterns. Nevertheless, appropriately processing and interpreting the smRNA-seq data is still a challenge. Because discrepancies between miRBase and actual miRNA sequences are frequently observed, concerns have been raised that analysis of miRNA expression patterns might be biased when using miRBase sequences directly as a reference to count smRNA-seq reads. Therefore, our primary aim is to develop a computational pipeline to curate the miRBase annotation systematically using the integrated smRNA-seq datasets and, upon careful manual inspection, to rebuild the miRNA expression atlas for *C. elegans* and *D. melanogaster* development.

Results
=======

A single pre-miRNA sequence usually produces heterogeneous miRNA isoforms
-------------------------------------------------------------------------

The 14th release of miRBase contains 174 and 157 miRNAs in *C. elegans* and *D. melanogaster*, respectively. Based on the mature miRNA sequences annotated in miRBase, the typical sizes of animal and plant miRNAs peak at 22- and 21-nt, respectively, while an equal frequency of 22- and 23-nt miRNAs is observed in *C. elegans*. Because authentic miRNAs are usually conserved among closely related species, we first classified miRNA families into two groups according to their relative conservation (a method previously described in Ma et al., [@B24]). miRNAs that have homologies outside Hexapoda or Nematoda were termed more conserved (MC), while those extant only in Hexapoda or Nematoda were termed less conserved (LC). By this classification, miRBase R14.0 contains 38 MC families and 98 LC families in *D. melanogaster* and 11 MC families and 146 LC families in *C. elegans*.

We integrated the smRNA-seq data produced by the modENCODE consortium (GEO accessions and sample descriptions are shown in **Table S1** in Supplementary Material). In *D. melanogaster*, we compiled a dataset covering developmental stages from early embryos, late embryos, larvae and pupae as well as the bodies and heads of male and female adults (Chung et al., [@B5]; Czech et al., [@B6]). For *C. elegans* we used two datasets, one covering different stages of embryonic development and the other covering the main developmental stages including mixed embryos, L1--L4 larvae, adult hermaphrodites and adult males (Kato et al., [@B18]; Stoeckius et al., [@B30]). After mapping the smRNA-seq reads to the *D. melanogaster* and *C. elegans* genomes and allowing no mismatches by *seqmap* (Jiang and Wong, [@B16]), we examined the genomic regions of pre-miRNA sequences and found that a miRNA arm usually produced various small RNA sequences instead of one mature miRNA sequence, as is found for let-7 (**Figure S1** in Supplementary Material). For miRNA families whose members possess identical miRNA arm sequences, such as dme-281-1 and dme-281-2, their miRNA reads are multiply mapped, and it is difficult to distinguish their correct original pre-miRNAs (**Figure S2** in Supplementary Material).

To give an overall picture of how many miRBase annotated miRNAs show discrepancies with actual sequencing data, we first calculated the proportion of smRNA-seq reads with different sizes that map to pre-miRNA sequences, categorized by the sizes of their mature miRNA sequences annotated in miRBase (Figure [1](#F1){ref-type="fig"}A). We next examined if the size of the most abundant miRNA isoform from a pre-miRNA was consistent with its miRBase size and found that 39.6% of miRNAs in the MC group and 35.6% in the LC group exhibit differences in *D. melanogaster*. In contrast, in *C. elegans* the discrepancy is only 0% in the MC group and 10.9% in the LC group. In terms of the 5′ nt, 71.1 and 67.5% of the predominant miRNA isoforms start with U in *D. melanogaster* and *C. elegans*, respectively (Figure [1](#F1){ref-type="fig"}B).

![**Discrepancies between miRBase annotation and the actual miRNA sequences obtained from smRNA-seq data**. **(A)** Fractions of different sizes of smRNA-reads mapped on each pre-miRNA sequence. Each column represents one miRNA sorted by its size based on miRBase annotated mature miRNA sequence. **(B)** Fractions of different 5′ nucleotides of smRNA-reads mapped on each pre-miRNA sequence. **(C)** Proportions of five dme-mir-2a-2 miRNA isoform sequences were consistent in different developmental stages. **(D)** The 24-nt dme-mir-2a is the preferential isoform associated with Ago proteins. **(E)** The 22-nt dme-mir-2b is the preferential isoform associated with Ago proteins.](fgene-02-00025-g001){#F1}

To exclude the possibility that the observed discrepancies and miRNA variants are caused by sequencing errors, we examined if those miRNA variants can be consistently detected in all samples. We found that these miRNA variants are not only abundant but also their proportions remain unchanged at different developmental stages. For instance, the top five isoforms of dme-mir-2a-2 exhibit relatively unchanged proportions, even though the absolute counts of the five sequences display differences of one or two orders of magnitude during *Drosophila* development (Figure [1](#F1){ref-type="fig"}C; **Figure S3** in Supplementary Material). Additionally, after studying the abundances of 22-, 23-, and 24-nt isoforms of mir-2a and mir-2b in the 14 samples, we found that their miRBase annotated miRNA sequences (23-nt isoforms) were always the lowest at all developmental stages (**Figure S4** in Supplementary Material). This suggests that none of these four miR-2 members was correctly annotated by miRBase, which prompted us to examine the Ago-associated miR-2 isoforms for support. As we expected, while roughly 90% of the reads inside Ago1 and Ago2 were the 24-nt isoform of dme-mir-2a, the most abundant isoform of mir-2b inside Ago proteins is 22-nt long (Figures [1](#F1){ref-type="fig"}D,E). Because such discrepancies are frequently observed between the miRBase annotation and actual miRNA reads, we realized the importance of systematically curating the miRBase miRNA sequences and identifying the authentic mature miRNA isoforms using the combined smRNA-seq datasets.

Using combined smRNA-seq data to curate miRBase miRNA sequences coupled with necessary manual inspection of pre-miRNA hairpin structures
----------------------------------------------------------------------------------------------------------------------------------------

The most common analysis of sequencing-based miRNA expression profiles relies on miRBase annotation, which directly counts the smRNA-seq reads that match a reference miRNA sequence identically. Yet our analysis indicates that existing mistakes in miRBase might have biased previous miRNA expression analyses. An additional complexity is whether miRNA 3′ variants should be included in them iRNA expression since the 3′ variants possess the intact 5′ seed regions as well. We therefore sought first to curate the miRBase miRNA annotation using combined smRNA-seq data and then to rebuild the miRNA expression profile using revised miRNA sequences.

![**Mature miRNA sequences are more precisely defined in *C. elegans* than in *D. melanogaster***. **(A)** Three groups of the corrected miRNAs based on the types of mis-annotated 5′ ends, 3′ ends and the strands of miRNA and miRNA\*. **(B)** Box plots of the percentages of exact miRNA reads, miRNA\* reads, miRNA 3′ and 5′ variant reads mapped on the pre-miRNA sequences in *D. melanogaster* and *C. elegans*. **(C)** Percentages of miRNA, miRNA\*, miRNA 3′ and 5′ variant reads in *D. melanogaster* MC and LC miRNAs. **(D)** Percentages of exact miRNA\* reads, miRNA\* 3′ and 5′ variant reads in *D. melanogaster* and *C. elegans*.](fgene-02-00025-g002){#F2}

To increase the efficiency of analyzing the vast amount of integrated smRNA-seq data, we bypassed genome-wide mapping of all reads. We first generated all possible 15-mer to 30-mer short sequences from a given pre-miRNA sequence in miRBase and then searched for their reads from the combined smRNA-seq datasets. Simultaneously, the repetitive frequencies in those 15-mer to 30-mer sequences were indexed by mapping them to the reference genomes. The output of the search is a full report of all miRNA isoform sequences arising from each pre-miRNA hairpin, with the abundance of smRNA-seq reads and the number of mappable locations in the genome (exemplified in **Figure S2** and Supplementary Material). Usually, the short sequence with the highest sum of reads is considered the authentic mature miRNA sequence, while subsidiary sequences with lower sums are defined as isoform variants. In cases where pre-miRNAs contain identical miRNA arms, further manual inspection of their hairpin structures was required. For example, two dme-miR-281 isoforms (5,689 reads and 1,630 reads) were mapped on both mir-281-1 and mir-281-2 pre-miRNAs, whose miRNA arms are identical but miRNA\* arms are different (**Figure S2** in Supplementary Material). By matching the two miR-281 isoforms with the two miR-281\* sequences, we found that the isoform with 5,680 reads paired with the mir-281-1\* sequence to form the correct miRNA/miRNA\* duplex with a characteristic two-nucleotide overhang at its 3′ ends, while the isoform with 1,630 reads paired with the mir-281-2\* sequence (**Figure S5** in Supplementary Material). By such means we recognized that the mature sequences of dme-mir-281-1 and dme-mir-281-2 are actually not identical, as annotated in miRBase, but have a single nucleotide shift in their mature sequences. This single nucleotide variation at the 5′ ends may cause dme-mir-281-1 and dme-mir-281-2 to target different genes because of the difference in their seed sequences.

Mature miRNA sequences are more precisely defined in *C. elegans* than in *D. melanogaster*
-------------------------------------------------------------------------------------------

Overall our analytical pipeline, coupled with detailed manual inspection to curate miRBase sequences, led to the identification of 51 and 19 miRNAs showing discrepancies with actual miRNA sequences obtained using combined smRNA-seq data from *D. melanogaster* and *C. elegans*, respectively (based on miRBase Release 15.0 in April 2010). In *D. melanogaster*, the corrected miRNAs consist of 10 entries with inconsistent 5′ ends, 25 entries with inconsistent 3′ ends, and 16 entries with mis-annotated miRNA and miRNA\* strands (Figure [2](#F2){ref-type="fig"}A; **Table S2** in Supplementary Material). In *C. elegans*, among the 19 miRNAs in disagreement with miRBase, 2 contained inconsistent 5′ ends, 7 had mis-annotated miRNA and miRNA\* strands, and the remaining 10 were inconsistent at their 3′ ends (Figure [2](#F2){ref-type="fig"}A; **Table S2** in Supplementary Material). In fact, among the three types of corrected miRNAs, mis-annotations occurring at 5′ ends and swapped miRNA and miRNA\* strands are likely real mistakes that arose during computational predictions form iRBase annotation. The third type of discrepancy, namely miRNA with mis-annotated 3′ ends, may partially result from intrinsic miRNA biogenesis mechanisms such as miRNA remodeling, which involves either "trimming" or "tailing" (removing or adding nucleotides at the 3′ ends)of mature miRNAs after their loading into Ago1 (Ameres et al., [@B2]).

It was recently reported for *Drosophila* that the 5′ ends of both miRNA and miRNA\* sequences are more precisely defined than their 3′ ends (Seitz et al., [@B29]). To investigate whether the miRNA isoforms result from inaccurate Dicer processing or downstream miRNA remodeling, we compared the proportions of smRNA-seq reads for miRNAs, miRNA\* and their corresponding 5′ and 3′ variants in *D. melanogaster* and *C. elegans*. In *D. melanogaster*, pre-miRNA hairpins on average produced 61% accurate miRNAs, 9.5% miRNA\*s, 25% 3′ variants, and 4.5% 5′ variants (Figure [2](#F2){ref-type="fig"}B). In contrast, *C. elegans* pre-miRNA hairpins produce more accurate miRNAs, which on average are 86.2% miRNAs, 4.8% miRNA\*s, 7.8% 3′ variants, and 1.2% 5′ variants (Figure [2](#F2){ref-type="fig"}B). We also compared the proportions of those miRNA isoforms between MC and LC pre-miRNAs in *D. melanogaster*, but did not find any significant differences (Figure [2](#F2){ref-type="fig"}C). Additionally, we examined if the 5′ ends of miRNA\*s were better determined than their 3′ ends and found that, while on average 71.3% of reads were accurate miRNA\* sequences, 20.7 and 8% were 3′ variants and 5′ variants of miRNA\*s, respectively (Figure [2](#F2){ref-type="fig"}D). In *C. elegans*, the miRNA\* sequences were well defined with a very small proportion of either 3′ or 5′ variants (Figure [2](#F2){ref-type="fig"}D).

It is noteworthy that mature miRNA sequences are more precisely defined in *C. elegans* than in *D. melanogaster*, perhaps due to differences in their miRNA biogenesis pathways. However, because both miRNA and miRNA\* strands are more precisely defined at 5′ than at 3′ ends, it is not conclusively evident that production of miRNA 3′ variants is the result of better recognition by Dicer at 5′ than at 3′ ends. Nevertheless, the abundant 3′ variants are more likely produced after release of miRNA/miRNA\* duplexes from pre-miRNA hairpins. Therefore, a more reasonable hypothesis is that the excision accuracy of Dicer has no preference for either 5′ or 3′ ends, but the better defined miRNA 5′ ends are likely attributable to downstream pathways. First, the identity of the 5′ nucleotide (usually 5′ U) facilitates loading of miRNAs with accurate 5′ ends into Ago1 (Mi et al., [@B25]; Zhou et al., [@B31]; Czech et al., [@B7]), or alternatively, after the miRNA/miRNA\* duplexes disassociate within Ago1, trimming or tailing of mature miRNA 3′ ends contributes to production of miRNA 3′ variants (Ameres et al., [@B2]).

*Drosophila* miR-2 family members contain different 5′ end seed regions
-----------------------------------------------------------------------

Among the corrected miRNAs, we found that conserved miRNA families containing multiple members have higher rates of mis-annotation because the homologous members were usually identified by sequence alignment. For example, miR-2 is the largest miRNA family in *D. melanogaster* with eight members (**Table S3** in Supplementary Material) and is involved in apoptosis regulation during embryogenesis (Leaman et al., [@B22]). However, our analysis showed that none of the eight members was correctly annotated in miRBase. For the pre-miRNA sequences of dme-mir-2a-1 and dme-mir-2a-2, two dominant isoforms of 22- and 24-nt (117,209 reads and 114,924 reads, respectively) were both mapped on their identical miRNA arms, while the reads mapped on miRNA\* arms are different (Figure [3](#F3){ref-type="fig"}A). Manual inspection of the two hairpins revealed that the 22-nt isoform and mir-2a-1\* can properly form a duplex with a 2-nt overhang, while the 24-nt isoform should pair with mir-2a-2\* (Figure [3](#F3){ref-type="fig"}B). We therefore recognized that the authentic mature miRNAs for dme-mir-2a-1 and dme-mir-2a-2 are the 24- and the 22-nt isoforms, respectively, instead of the identical 23-nt isoforms annotated in miRBase (**Table S2** in Supplementary Material). Our analysis confirmed a similar conclusion regarding the authentic mature sequences of dme-mir-2a-1 and dme-mir-2a-2 using a similar method (Liu et al., [@B23]).

![**Correction of dme-miR-2 family needs manual inspection of their miRNA/miRNA\* duplexes**. **(A)** The dme-mir-2a-1, dme-mir-2a-2, and dme-mir-c possess identical miRNA arms, on which the smRNA-seq reads were multiply mapped. The two numbers in the brackets are the count of smRNA-seq reads and the count of mapped locations in the genome for each isoform. **(B)** For the hairpin structures, we found that the 24-nt mir-2a isoform paired with mir-2a-1\*, the 22-nt mir-2a isoform paired with mir-2a-2\*, and 22-nt mir-2c isoform paired with mir-2c\* to form the correct miRNA/miRNA\* duplexes with 2-nt overhang at 3′ ends. **(C)** The proportions of the corrected miRNA and miRNA\* strands for each miR-2 member across 14 samples. Each column represents one sample. The mir-2a-2 is the only exception that have equal amount of miRNA and miRNA\* strands across all the samples. **(D)** Even mir-2a-2 and mir-2a-2\* both existed in S2 cells, only the guide strands were associated with Ago proteins. **(E)** The alignment of corrected miR-2 family members. **(F)** The rebuilt developmental expression profile of *D. melanogaster* miR-2 family using the corrected miR-2 family sequences.](fgene-02-00025-g003){#F3}

Identification of the authentic dme-mir-2c sequence also required manual inspection. While the most abundant sequence (8,370 reads) for mir-2c pre-miRNAs was a 20-nt sequence, the second most abundant was a 22-nt sequence (3,905 reads). Yet, if we pair mir-2c\* (452 reads) with the two sequences to form a correct duplex, the 22-nt sequence turns out to be the correct mir-2c sequence, while the 20-nt sequence is actually a 3′ variant of mir-2a-1 (Figures [3](#F3){ref-type="fig"}A,B). For the second pair of miR-2 members sharing identical miRNA arms, namely dme-mir-2b-1 and dme-mir-2b-2, manual inspection showed that they indeed have the same mature sequence but are one nucleotide longer than the miRBase annotated dme-mir-2b sequences (**Figure S6** in Supplementary Material). The third pair of miR-2 members, dme-mir-13b-1 and dme-mir-13b-2 that have two abundant isoforms (22-nt with 69,880 reads and 23-nt with 85,868 reads) both mapped to identical miRNA arms. However, only the 22-nt isoform can correctly form a duplex with mir-13b\* (**Figure S7** in Supplementary Material). We hypothesized that the 22-nt sequence might be the original miR-13b/miR-13b\* duplex, while the 23-nt isoform with an extra U might be a product of miRNA tailing, possibly caused by miRNA 3′ end uridylation (Ramachandran and Chen, [@B27]; Seitz et al., [@B29]; Ibrahim et al., [@B14]). Finally, we found that the miRNA\* strand of dme-mir-2a-2 exists in relatively equal amounts with the mir-2a-2 miRNA strand across all developmental stages, which is the only exception among miR-2 family members (Figure [3](#F3){ref-type="fig"}C). To determine if dme-mir-2a-2\* is functional, we examined its association with AGOs. Surprisingly, although both miRNA and miRNA\* are equally retained in S2 cells, very few mir-2a-2\* were associated with Ago1, but a small fraction with Ago2 (Figure [3](#F3){ref-type="fig"}D).

Thus, the sequence alignment of the revised *D. melanogaster* miR-2 family members shows that mir-2a-2 and mir-2c share the same 7-mer "seed region," while the remaining miR-2 members share a different seed sequence (Figure [3](#F3){ref-type="fig"}E). Based on the corrected miRNA sequences, we rebuilt the *D. melanogaster* miR-2 family expression profile and found that dme-mir-2a-1 is most abundant during embryonic development when compared to other members (Figure [3](#F3){ref-type="fig"}F). Then, we predicted the targets of mir-2a-1 and mir-2a-2 using PITA (Kertesz et al., [@B19]).The prediction showed that not only mir-2a-1 and mir-2a-2 have different top target genes with strong 5′ end pairing, but also mir-2a-2\* has a target predicted with strong 17-mer complementarity at its 5′ ends (**Figure S8** in Supplementary Material), indicating that mir-2a-2\* associated with Ago2 may have a regulatory function in a similar fashion to siRNAs (Iwasaki et al., [@B15]).

Analysis of the miR-6 family indicates that conserved strands are not necessarily functional guide strands
----------------------------------------------------------------------------------------------------------

In general, definition of miRNA and miRNA\* strands is based on their relative abundances because miRNA strands are retained in Ago1 but miRNA\* strands are usually degraded. In our analysis, we found that another type of error in miRBase is mis-annotated miRNA and miRNA\* strands. *D. melanogaster* miR-6 is a miRNA family specifically conserved in Hexapoda that has three members annotated with identical mature sequences in miRBase. However, our analysis showed very few smRNA-seq reads arising from miRBase annotated miRNA arms, but abundant reads produced from the opposite miRNA\* arm (Figure [4](#F4){ref-type="fig"}A). Because the MC strands are usually assumed to be guide strands, while the LC are passenger strands, we suspected that the miRNA and miRNA\* strands of miR-6 were mis-annotated (Figure [4](#F4){ref-type="fig"}B). Our analysis revealed that the authentic mir-6-1, mir-6-2, and mir-6-3 miRNA sequences are actually derived from the LC arms of miR-6 hairpins, which contained 5′ seed sequences differing at the seventh and eighth nucleotide (Figure [4](#F4){ref-type="fig"}A). The rebuilt expression profile based on the corrected miR-6 sequences shows that the *D. melanogaster* miR-6 family is specifically expressed in early embryos, but the levels of dme-mir-6-3 are significantly elevated at 2--6 h (Figure [4](#F4){ref-type="fig"}C).

![**Correction of miR-6 family demonstrates the mis-annotated miRNA and miRNA\* strands**. **(A)** The corrected *D. melanogaster* miR-6 family sequences (red). The miRBase annotated miR-6 mature sequence is actually the miRNA\* sequence (green).The corrected miR-6 members have distinct 5′ seed sequences differing at seventh and eighth nucleotides. **(B)** The hairpin structures of the three members of dme-miR-6 family show the miRNA\* strands are conserved. **(C)** The expression profile rebuilt based on corrected mature sequences of miR-6 family. **(D)** The dme-mir-276a and 276b contain identical miRNA\* arms but different miRNA arms with one nucleotide variation (marked by blue rectangles). **(E)** Hairpin structures of dme-mir-276a and 276b with highlighted miRNA\* arm and miRNA arm. **(F)** Expression abundance of dme-mir-276a, mir-276b, and their passenger strand mir-276\* in *Drosophila* development. **(G)** Mir-276\* are preferentially associated with Ago2, while higher proportion of mir-276a was found in Ago1.](fgene-02-00025-g004){#F4}

Since the dme-miR-6 family is not expressed in S2 cells, we were unable to examine its preferential association with Ago proteins. Alternatively, we tested whether the revised miR-6 sequences have any potential to target genes. The target genes of dme-miR-6-1/-2/-3 were predicted by PITA, and the top sites for each miR-6 member were demonstrated. First, mir-6-1 and mir-6-2 share the same top target gene (fab1), but localize to different sites of its 3′ UTR (**Figure S9** in Supplementary Material). The target site for mir-6-2 in fab1 exhibits a canonical pattern of miRNA interaction with its binding site (**Figure S9** in Supplementary Material).

Another case showing abundant miRNA\* reads is *D. melanogaster* miR-276a and miR-276b, whose miRNA strands have a single nucleotide variation but whose miRNA\* strands are identical (denoted as miR-276\*). While the abundances of mir-276a and mir-276b are significantly different (431,088 reads vs. 40,021 reads), the highly abundant miR-276\*s (227,920 reads) were the same for the two pre-miRNAs (Figure [4](#F4){ref-type="fig"}D). Additionally, because the variation between miR-276a and miR-276b occurs in the center, both can pair with miR276\* to form correct duplexes with 2-nt overhangs (Figure [4](#F4){ref-type="fig"}E). However, examining the proportion of mir-276a, mir-276b, and mir-276\* revealed a dramatic change during pupal and adult stages, which differs from the miR-2 family for which the proportion of miRNA and miRNA\* usually remains unchanged (Figure [4](#F4){ref-type="fig"}F). More interestingly, we found that the mir-276a reads were preferentially associated with Ago1, but the mir-276\* reads were only found with Ago2 (Figure [4](#F4){ref-type="fig"}G). Therefore, a bold hypothesis is that for the mir-276a hairpin, mir-276a and miR-276\* are the respective guide and passenger strands, while for the mir-276b hairpin the roles of the two strands are likely reversed.

Examination of miR-34 indicates that production of miRNA 3′ variants is not necessarily caused by terminal mismatches of miRNA duplexes
---------------------------------------------------------------------------------------------------------------------------------------

Since miRNA 3′ variants were more frequently observed than 5′ variants, we then focused on explaining the cause of the 3′ variants. An individual miR-34 family member in *D. melanogaster* and *C. elegans*, whose pre-miRNA hairpin produced numerous 3′ variants, was carefully dissected (Figure [5](#F5){ref-type="fig"}A). For dme-mir-34 pre-miRNA, the top two isoforms were the 21-nt (350,667 reads) and 22-nt (148,900 reads) sequences, while the third (24-nt; 102,882 reads) is the miRBase annotated miR-34 sequence. In fact, among these three most abundant isoforms, only the 24-nt miR-34 can form the correct duplex with highest abundant miR-34\*(79,572 reads). Additionally, when we examined miR-34 in other animal species, *D. melanogaster* miR-34 is the only exception whose length is 24-nt (**Figure S10** in Supplementary Material). At first, assuming that the 3′ variants are products of inaccurate Dicer processing, we wondered if the hairpin structure, especially the terminal mismatches at the miR-34/miR-34\* duplex, influences the accuracy of cutting by Dicer. We then compared the hairpins for dme-mir-34 and cel-mir-34. In *D. melanogaster*, a large bubble was indeed found at the 3′ end of the miRNA arm, but only the 25th nucleotide extended into the bubble, while in the *C. elegans* miR-34 hairpin the 3′ end of the miRNA arm is two nucleotides away from the bubble (Figure [5](#F5){ref-type="fig"}B). Thus, we can hardly conclude that terminal mismatches of miRNA duplexes cause inaccurate recognition by Dicer at 3′ ends.

![**The 24-nt dme-miR-34 isoform is probably remodeled to shorter isoforms after its loading to Ago1**. **(A)** The miR-34 pre-miRNA produces huge amount of miR-34 isoforms in *D. melanogaster*, and the 24-nt isoform is the miRBase annotated mature sequence. **(B)** The hairpin structure of dme-mir-34 shows that only the 24-nt isoform can form the correct duplex with miR-34\*. **(C)** The miR-34 isoforms co-express during *D. melanogaster* development, but the 21-nt isoform is the highest one. **(D)** The expression patterns of two miR-34 isoforms in *C. elegans* are not significantly different. **(E)** Only 20- to 22-nt dme-mir-34 isoforms are associated with Ago proteins.](fgene-02-00025-g005){#F5}

We subsequently examined if miR-34 and its 3′ variants are co-expressed or expressed at different developmental stages. In *D. melanogaster*, all mir-34 isoforms are co-expressed at adult stages, but the 21-nt isoform of dme-mir-34 is always the most abundant (Figure [5](#F5){ref-type="fig"}C). In *C. elegans*, the 21- and 22-nt mir-34 isoforms are expressed at equivalent levels from embryonic to adult stages, but the 22-nt isoform is significantly more abundant than its 3′ variant in adult males (Figure [5](#F5){ref-type="fig"}D). Furthermore, examining the association of various dme-mir-34 isoforms with Ago proteins showed that the shorter isoforms of 20- to 22-nt were enriched with Ago1, while the longer isoforms as well as mir-34\* were not found with any Ago proteins even though they are all abundant in S2 cells (Figure [5](#F5){ref-type="fig"}E). In fact, our observation of the dominant 21-nt miR-34 isoform might be explained by a recent hypothesis that the 24-nt miR-34/miR-34\* duplex is originally produced by Dicer, but after loading into Ago1, three nucleotides are trimmed from the 3′ end of the 24-nt miR-34 (Ameres et al., [@B2]).

Analysis of miRNAs containing non-templated nucleotide extension
----------------------------------------------------------------

Another class of miRNA variants found in the smRNA-seq reads that are unable to be perfectly mapped in the genome are miRNAs containing non-templated nucleotides. In plants, the extended non-templated nucleotides are usually one or two Us occurring at miRNA 3′ ends, which is thought to be the result of uridylation that subsequently triggers degradation of dysfunctional miRNAs (Ramachandran and Chen, [@B27]; Ibrahim et al., [@B14]). In animals, uridylation of pre-miRNAs and mature miRNAs is reported to be a pathway for attenuating post-transcriptional repression (Heo et al., [@B12]; Jones et al., [@B17]). High-throughput smRNA-seq analysis also discovered the universal existence of miRNAs with non-templated nucleotides in *C. elegans* and *D. melanogaster* (Ruby et al., [@B28]; Seitz et al., [@B29]).

![**U and A are the preferential non-templated nucleotides added to mature miRNAs**. **(A)** Both *D. melanogaster* and *C. elegans* miR-1 miRNAs contain non-templated nucleotide (marked in blue) extension at 3′ end. The frequency of the four types of 5′ and 3′ nucleotides based on corrected authentic miRNA sequences in *D. melanogaster* **(B)** and *C. elegans* **(C)**. Frequency of the extended non-templated nucleotide based on the type of the last nucleotide (denoted by a red rectangle in miR-1 example) and the following nucleotide (denoted by a blue rectangle in miR-1 example) in *D. melanogaster* **(D)** and in *C. elegans* **(E)**.](fgene-02-00025-g006){#F6}

Inspired by those findings, we recycled the unmapped reads to identify miRNAs containing non-templated 3′ end nucleotides, such as miR-1 in *D. melanogaster* and *C. elegans* (Figure [6](#F6){ref-type="fig"}A). The non-templated nucleotide was not seemingly caused by sequencing mistakes because the smRNA-seq reads for miR-1 with an additional U (10,940 reads) or A (5,164 reads) were significantly more abundant than those with an additional G (176 reads) or a longer dme-mir-1 variant with 3′ C (413 reads; Figure [6](#F6){ref-type="fig"}A). We were then interested in examining if the last and following nucleotide of mature miRNAs influence the preferential type of the extended non-templated nucleotide. We first checked the distribution of miRNA 5′ and 3′ end nucleotides based on our corrected mature miRNA sequences. The frequencies of the four nucleotides at 5′ and 3′ ends are very similar between *D. melanogaster* and *C. elegans*; 70% of the miRNAs begin with a U at their 5′ end and on average 66% begin with either U or A at their 3′ end (Figures [6](#F6){ref-type="fig"}B,C).

We then examined the correlation between the last nucleotide type and the non-templated nucleotides. In *D. melanogaster*, there is no significant difference in terms of adding a non-templated A when the last nucleotide is any of the four nucleotides, but when the last nucleotide is U, a higher chance of adding U was observed (Figure [6](#F6){ref-type="fig"}D). We then examined if the following nucleotide at the 3′ end might influence the type of added, non-templated nucleotide because the extended identical nucleotide might not be distinguishable if it has the same sequence as the miRNA variants. Our analysis showed that if the following nucleotide is U, it has a higher chance to add an A, while if it is G the chance of adding a U is higher than adding an A (Figure [6](#F6){ref-type="fig"}D). In *C. elegans*, a similar analysis showed that U is always the dominant nucleotide to be added to miRNA 3′ ends, and the secondary preference is A (Figure [6](#F6){ref-type="fig"}E). Overall, *C. elegans* miRNAs have a higher trend toward adding non-templated U (64%) than A (32%), while in *D. melanogaster* the rate of non-templated A (51%) is slightly higher than U (42%; **Figure S11** in Supplementary Material).

More conserved miRNAs tend to be co-expressed at multiple developmental stages in *D. melanogaster* in contrast to less conserved miRNAs
----------------------------------------------------------------------------------------------------------------------------------------

Our previous analysis shows that MC and LC miRNAs have no significant differences in terms of precision at the 5′ and 3′ ends of miRNA processing. We then wondered if any difference might exist in their expression patterns using the corrected miRNA sequences. Because it has been reported that MC miRNAs are usually expressed at higher abundance in plants, but LC miRNAs are usually transiently expressed (Fahlgren et al., [@B8]; Ma et al., [@B24]), we first examined the absolute expression levels of MC and LC miRNAs at mixed embryonic stages of *D. melanogaster* and *C. elegans*. We found that all MC miRNAs were expressed at least at minimum levels during embryonic stages, while many LC miRNAs were not detectable, even though the absolute expression levels are not significantly different between MC and LC miRNAs (Figure [7](#F7){ref-type="fig"}A). We next examined if MC and LC miRNAs are differentially expressed during *D. melanogaster* development. We first calculated cumulative percentages of MC and LC miRNAs with at least 100 reads (minimum expression level) in several developmental samples. Interestingly, we found nearly 80% of MC miRNAs are co-expressed during at least 11 developmental stages, while the same proportion of LC miRNAs are co-expressed during at least four developmental stages (Figure [7](#F7){ref-type="fig"}B). The heat maps of miRNA absolute expression levels and the binary expression statuses also illustrated the trend that MC miRNAs are prone to be co-expressed at most developmental stages but LC miRNAs tend to be specifically expressed at certain stages (Figures [7](#F7){ref-type="fig"}C,D). In *C. elegans*, for which 10 of 11 MC miRNAs showed obvious co-expression at multiple developmental stages, we did not observe significant developmentally specific expression patterns among LC miRNAs (**Figure S12** in Supplementary Material).

![**The more conserved miRNAs tend to co-express in multiple developmental stages**. **(A)** Absolute expression abundance of MC and LC miRNA families in *D. melanogaster* and *C. elegans* mixed embryo samples. Each spot is a miRNA. **(B)** The cumulative fraction of *D. melanogaster* MC and LC miRNA families in the number of developmental stages. **(C)** The heat map of *D. melanogaster* MC and LC miRNA families across different developmental stages. The absolute miRNA expression abundances were normalized. **(D)** The binary expression status of *D. melanogaster* MC and LC miRNA families across different developmental stages. **(E)** The MC miRNAs in *D. melanogaster* have more predicted target sites than LC miRNAs. In this analysis, we selected the top 30 MC and top 30 LC miRNAs whose abundances are over 1,000 smRNA-seq reads. **(F)** Only 20% of the total targets of MC and LC miRNAs are overlapped.](fgene-02-00025-g007){#F7}

Finally, we compared genes targeted by *D. melanogaster* MC and LC miRNAs with a stringent cutoff (−20 kJ/mol) for the interaction energy between miRNAs and target sites as predicted by PITA (Kertesz et al., [@B19]). Interestingly, we found that MC miRNA families target more genes than LC miRNAs, and MC miRNA targets contain 2.9 sites on average, while LC miRNA targets contain 1.7 sites on average (Figure [7](#F7){ref-type="fig"}E). Furthermore, only 20% of genes are commonly targeted by MC and LC miRNAs (Figure [7](#F7){ref-type="fig"}F). Our analysis indicates that expression of the more ancient, conserved miRNAs spans most developmental stages to establish tissue identity, while evolutionarily young miRNAs are usually expressed transiently and target fewer genes (Christodoulou et al., [@B4]; Fahlgren et al., [@B8]; Ma et al., [@B24]).

Materials and Methods
=====================

Small RNA sequencing datasets
-----------------------------

A full list of the *D. melanogaster* and *C. elegans* smRNA-seq datasets produced by the modENCODE project with GEO accession is provided in **Table S1** in Supplementary Material. The adaptor-trimmed smRNA-seq reads were assigned unique IDs and numbers being sequenced. Each dataset for a sample was converted into the FASTA format and is accessible from our website at <http://liulab.dfci.harvard.edu/miRNA>.

The analytical pipeline to identify authentic miRNA mature sequences
--------------------------------------------------------------------

The *D. melanogaster* and *C. elegans* miRNA hairpin sequences were downloaded from <http://miRBase.org>. Because analysis of miRNAs requires perfect matches to the reference genome, we therefore adopted an alternative way to increase speed and efficiency. First, for each hairpin sequence we generated all possible 15- to 30-nt short sequences and mapped them to the *D. melanogaster* and *C. elegans* reference genome sequences by bowtie (Langmead et al., [@B21]) to index their genome-wide repeat frequency. We then searched the 15- to 30-nt short sequences generated against the smRNA-seq FASTA files and calculated the sum of the smRNA-reads counted from all samples. Hence, for each pre-miRNA sequence, we output a full report of the miRBase annotated miRNA and miRNA\* sequences, the actual miRNA sequence and the corresponding variant isoform sequences derived from the miRNA and miRNA\* arms. The isoform with the highest sum of smRNA-seq reads was considered the authentic mature miRNA sequence, while subsidiary isoforms were considered 5′ or 3′ end variants. The smRNA-seq reads located opposite the identified miRNA arm were considered miRNA\*s.

Curation of the miRBase annotation and rebuilding the miRNA expression profile
------------------------------------------------------------------------------

As illustrated by the analysis of the miR-2 and miR-6 families, the sum of the smRNA-seq read counts is not sufficient for identifying correct miRNA sequences. After excluding any potential influence from the index of repeat frequency, we utilized RNA fold to predict hairpin structures of ambiguous miRNA precursors and then matched miRNA and miRNA\* sequences with smRNA-seq reads of highest abundance to identify the duplex with a 2-nt overhang. Based on the structural information for the correct miRNA/miRNA\* duplex, we finally determined the correct form of the mature miRNA sequences.

Based on the corrected miRNA sequences, we rebuilt the miRNA expression profiles during *D. melanogaster* and *C. elegans* development after normalizing the absolute smRNA-seq read counts to 4 million for each sample. Due to the latest update of miRBase in April 2010, we applied our pipeline to the 15th release of miRBase and the corresponding results are accessible from our website at <http://liulab.dfci.harvard.edu/miRNA>.

Discussion
==========

As part of the Analysis Working Group (AWG) of the modENCODE consortium, we integrated and reanalyzed the smRNA-seq data for *D. melanogaster* and *C. elegans*. Using the combined smRNA-seq dataset, we systematically curated the miRBase miRNA annotation and rebuilt unbiased miRNA expression profiles for *D. melanogaster* and *C. elegans*. We provide two sets of miRNA expression profiles calculated in two ways: first, the expression level for each miRNA is the smRNA-seq read abundance for the corrected mature sequence itself; second, the expression level is the sum of both the mature sequence and its 3′ variants derived from the corrected miRNA arm. Abundances were normalized to the standard sequencing productivity of 4 million reads per sample. The corrected miRNA sequences and recalculated expression abundances are available for download from our website at <http://liulab.dfci.harvard.edu/miRNA>.

Through our efforts to curate miRNA annotation in *C. elegans* and *D. melanogaster*, the importance of global verification for miRBase annotation in all organisms using smRNA-seq data is highlighted for the miRNA community. Because curation of miRNA sequences require both computational analysis of large smRNA-seq datasets and manual inspection of pre-miRNA hairpin structures, it is necessary to develop a more automatic and efficient platform to minimize human efforts. The platform should integrate the smRNA-seq analysis pipeline, RNA structure visualization and miRNA target prediction tools and will be implemented as a flexible interface so that users may customize their own analysis for different species and submit feedback to miRBase in real-time if mis-annotated miRNAs are found. In addition, the complexity of miRNA biogenesis and metabolism pathways necessitated incorporation of smRNA-seq information with miRBase miRNA sequence annotation to satisfy the broader research interests in the miRNA community.
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